Aims. The prognostic value of epidermal growth factor receptor (EGFR) mutations in the context of serum carcinoembryonic antigen levels remains controversial in T1 lung adenocarcinoma. Methods. Clinical and pathological characteristics, preoperational carcinoembryonic antigen levels, EGFR mutations, and disease-free and overall survival were analysed retrospectively in 573 pathological T1 patients in East China. Results. EGFR mutations were detected in 220 of 573 patients (38.4%). Patients with serum carcinoembryonic antigen levels ≥ 2.12 ng/mL had worse disease-free (P < 0 001) and overall survival (P < 0 001) than had others, although survival was comparable between patients with and without EGFR mutations. However, patients with exon 21 mutations in EGFR had significantly better overall survival than had patients with exon 19 mutations (P = 0 016), although disease-free survival was comparable (P = 0 424). Among patients with serum carcinoembryonic antigen levels ≥ 2.12 ng/mL, disease-free (P = 0 019) and overall survival (P < 0 001) was also better than that in those with exon 21 mutations. Finally, the exon 19 deletion was found to be an independent predictor of unfavourable overall survival (P = 0 037). Conclusions. EGFR mutations were associated with preoperational serum carcinoembryonic antigen levels ≥ 2.12 ng/mL. In patients with levels above this threshold, those with the exon 19 deletion have less favourable prognosis than have those with the exon 21 mutation.
Introduction
Lung adenocarcinoma is the most prevalent subtype of non-small cell lung cancer, and the 5-year overall survival remains poor [1] [2] [3] . Lung adenocarcinoma may arise from an accumulation of genetic mutations, of which those in epidermal growth factor receptor (EGFR) are some of the most important and are associated with tumour progression, proliferation, and survival [4] . EGFR mutations are the most common genetic lesions in adenocarcinoma but are very rare in squamous cell carcinoma [5] . However, the median progression-free survival in squamous cell carcinoma patients treated with EGFR tyrosine kinase inhibitors is worse than that in adenocarcinoma patients with EGFR mutations [6] . Thus, EGFR mutations may be predictive of the therapeutic response to such inhibitors [7] . Similarly, non-small cell lung cancer patients with mutated EGFR also have higher median disease-free survival and improved overall survival [8] [9] [10] . However, the predictive value of EGFR mutations in patients with pathological T1 lung adenocarcinoma is still unclear. Strikingly, deletion of EGFR exon 19 and a point mutation in exon 21 account for up to 90% of EGFR mutations in the clinic and correspond to two distinct tumour subtypes with different clinical characteristics and response to EGFR tyrosine kinase inhibitors [11, 12] . Hence, the prognostic role of EGFR mutations in T1 lung adenocarcinoma is probably well-defined.
In contrast, carcinoembryonic antigen has been used as a biomarker of prognosis and therapeutic efficacy in non-small cell lung cancer. Notably, Cai [13] reported that carcinoembryonic antigen levels gradually increase with the rate of EGFR mutations. Moreover, carcinoembryonic antigen levels were reported to be independently prognostic in lung adenocarcinoma patients without EGFR mutations [14] . Indeed, we also found that lung adenocarcinoma patients with carcinoembryonic antigen levels above 2.12 ng/mL have a poor prognosis [15] . Nevertheless, other surveys indicated that carcinoembryonic antigen levels are normal in most patients with early-stage lung cancer. Hence, the purpose of this study was to investigate EGFR mutations in the context Table 1 : Clinical and pathologic features of patients with lung adenocarcinoma with a maximum diameter of 3.0 cm or less and stratified by presence and absence of EGFR mutations. Where appropriate, data are n (%).
Characteristics
All (n = 573) EGFR mutated (n = 220) EGFR wild type (n = 353) P of carcinoembryonic antigen levels and to assess the prognostic value of such mutations in patients with pathological T1 lung adenocarcinoma.
Methods

Patients.
Patients who underwent surgical resection for pathological T1 adenocarcinoma of the lung (N = 573) were enrolled retrospectively at Zhoushan Hospital, Zhejiang, China, from July 2011 through March 2016. Histological subtypes were assigned by two pathologists, in accordance with World Health Organization classification and new criteria from the International Association for the Study of Lung Cancer, American Thoracic Society, and European Respiratory Society [16] . The staging of all patients with lung cancer was redefined according to the proposed 8th edition of lung cancer classification [17] [18] [19] . The maximum diameter of the resected lesion was measured by a pathologist. Patients were also genotyped for EGFR mutations. Clinicopathological features including age, sex, comorbidities, smoking history, lymphatic vessel invasion, vascular vessel invasion, pleural invasion, tumour maximum diameter, tumour stage, tumour histologic subtype, and preoperative serum carcinoembryonic antigen levels were analysed systematically. Patients with resected tumours greater than 3 cm in maximum diameter were excluded. Patients with incomplete records and follow-up data were also excluded, along with patients who died within 30 days after surgery. Patients were monitored over time, using computed tomography (CT) to assess recurrence. Overall survival was calculated as the period from surgical resection to end of follow-up, which was considered to be the time of death, or at the final follow-up of surviving patients. Disease-free survival was calculated as the period between surgery and initial detection of recurrence and metastasis. The study was approved by the Ethical Review Committee of the Zhoushan Municipal Government, and written informed consent was obtained from subjects or their families.
Genomic DNA Extraction and EGFR Genotyping.
Resected tumours were fixed with 10% formalin, embedded in paraffin, and sectioned at 10 μm. Genomic DNA was extracted from five sections using a QIAamp DNA FFPE Tissue Kit (QIAGEN, Hilden, Germany). DNA concentration and purity were assessed on a Quawell Q3000 spectrophotometer (Quawell Technology, Sunnyvale, CA, USA). EGFR was genotyped on a 7500 Real-Time PCR System (ABI, Foster City, CA, USA) using an amplification refractory mutation system (Yuanqi Diagnostics, Shanghai, China), following the manufacturer's instructions.
2.3. Statistical Analysis. Data were analysed in GraphPad Prism 5.0 (GraphPad Software Inc., San Diego, CA) and SPSS 17.0 (SPSS Institute, Chicago, IL, USA). Pearson's chi-squared test or Fisher's exact test (t < 1 or n < 40) was performed to compare differences between categorical groups. The Gaussian distribution was examined according to the Kolmogorov-Smirnov test. Then, the Mann-Whitney U test [data shown as the median (P 25 , P 75 )] or unpaired t-test (data shown as the mean ± SD) was used to analyse the difference in CEA level between EGFR mutated and wild-type patients. Disease-free and overall survival was evaluated by Kaplan-Meier curves. Multivariate analysis was performed using Cox's proportional hazards regression model for all prognostic factors with univariate P < 0 05. All statistical tests were two-sided, with P < 0 05 considered significant.
Results
Relationship between EGFR Mutations and
Clinicopathological Features. Clinical and pathological characteristics are summarized in Table 1 for 573 patients in eastern Chinese islands who had lung adenocarcinoma with a maximum diameter of 3.0 cm or less. Of these patients, 220 were found postsurgery to harbour EGFR mutations (38.4%), consisting of G719X in exon 18 (n = 6, 1.0%), exon 19 deletion (n = 64, 11.2%), exon 20 insertion (n = 1, 0.2%), L858R and/or L861Q in exon 21 (n = 145, 25.3%), and combined mutations in exons 18 and 19 (n = 1, 0.2%), exons 20 and 21 (n = 1, 0.2%), and exons 19 and 21 (n = 2, 0.3%). The CEA level was higher in EGFR mutated patients than in the wild-type patients [1.83 (1.22, 2.91) versus 1.61 (1.05, 2.54), P = 0 0209, Figure 1 ]. Mutations were more likely to occur in patients with carcinoembryonic antigen ≥ 2.12 ng/mL (P = 0 030), a threshold identified in our previous survey [15] . Mutations were also associated with tumour size pT1b and pT1c (P < 0 001), pleural invasion (P = 0 016), histology (P < 0 001), lymphatic metastasis (P = 0 026), and stage (P < 0 001). All other clinical features were comparable between patients with and without EGFR mutations (Table 1) .
Among patients with carcinoembryonic antigen levels < 2.12 ng/mL (Table 2) , EGFR mutations were associated with age (P < 0 001), tumour size (P < 0 001), histology (P < 0 001), and stage (P < 0 001). In contrast, EGFR mutations in patients with carcinoembryonic antigen levels ≥ 2.12 ng/mL were associated with age (P = 0 002), nonsmokers (P = 0 038), tumour size (P = 0 010), histology (P < 0 001), and stage (P < 0 001, Table 2 ).
The clinical features of patients with an exon 19 deletion or an exon 21 point mutation are listed in Table 3 . Exon 21 point mutations were more common in patients with the lepidic predominant invasive adenocarcinoma (IAC) subtype (P = 0 022). However, the frequency of mutations was comparable among other IAC subtypes and was not associated with other clinical and pathological features (Table 3) .
Disease-Free and Overall Survival for Pathological T1
Lung Adenocarcinoma. The mean follow-up time was 27.7 months, with a median of 25 months and range of 2.5-68 months. Disease-free and overall survival was comparable between patients with and without EGFR mutations. However, patients with exon 21 mutations had significantly better overall survival than had patients with exon 19 mutations (P = 0 016), although diseasefree survival was comparable (P = 0 424, Figure 2 ). In addition, patients with serum carcinoembryonic antigen levels ≥ 2.12 IU/mL exhibited worse disease-free (P < 0 0001) and overall survival (P < 0 0001) than did others (Figures 3(a) and 3(b) ). Among patients with carcinoembryonic antigen levels below the threshold, disease-free (P = 0 259) and overall survival (P = 0 374) was comparable between those with exon 21 mutations and exon 19 deletions (Figures 3(c) and 3(d) ). Among patients with carcinoembryonic antigen levels above the threshold, disease-free (P = 0 019) and overall survival (P < 0 0001) was better in those with exon 21 mutations than in those with exon 19 deletions (Figures 3(e) and 3(f)).
Univariate and Multivariate Analyses for Pathological T1
Lung Adenocarcinoma. Univariate and multivariate Cox regression analysis results for disease-free and overall survival are summarized in Table 4 . In the multivariate analysis, unfavourable disease-free survival was associated with preoperational carcinoembryonic antigen levels above 2.12 ng/mL (P = 0 022), IAC pathology (P = 0 046), confirmed lymphatic metastasis (P < 0 001), and advanced pathological stage (P = 0 033). The exon 19 deletion was an independent predictor of reduced overall survival (P = 0 037).
Among patients with carcinoembryonic antigen levels above the threshold (Table 5) , exon 19 deletion (P = 0 031), large tumour size (P = 0 001), IAC pathology (P = 0 012), confirmed lymphatic metastasis (P = 0 001), and advanced pathological stage (P = 0 029) were found by univariate analysis to be unfavourable for disease-free survival. In contrast, large tumour size (P = 0 009) and lymphatic metastasis (P = 0 003) were predictive of worse overall survival. In the multivariate analysis, none of the clinical features were significantly associated with disease-free survival, although lymphatic metastasis was an independent predictor of reduced overall survival (P = 0 039). into five stages (0-IV); however, the stage 0 lung cancer patients had better prognosis with 100% disease-free survival and overall survival, and we thus excluded stage 0 patients to analyse the data again [17] [18] [19] . The mean follow-up time was 28.0 months, with a median of 25.5 months and range of 2.5-68 months. As shown in Figures 4 and 5, the results were similar to those for the whole cohort, and patients with exon 21 mutations had significantly extended overall survival than had patients with exon 19 mutations (P = 0 019, Figure 4) . Additionally, patients with a higher level of serum carcinoembryonic antigen levels showed worse disease-free (P < 0 001) and overall survival (P < 0 001) than did others, and those with exon 21 mutations had better disease-free (P = 0 025) and overall survival (P < 0 001) than had those with exon 19 deletions ( Figure 5 ).
Lung Adenocarcinoma. Univariate and multivariate Cox regression analysis results for disease-free and overall survival of patients excluding those in stage 0 are summarized in Table 6 . In the multivariate analysis, unfavourable disease-free survival was correlated with preoperational carcinoembryonic antigen levels above 2.12 ng/mL (P = 0 031), confirmed lymphatic metastasis (P < 0 001), and advanced pathological stage (P = 0 012). The exon 19 deletion was an independent predictor of reduced overall survival (P = 0 036). 
Discussion
We surveyed the prognostic value of EGFR mutations in a cohort of 573 patients from East China who underwent surgical resection of pathological T1 lung carcinoma. In particular, we analysed EGFR mutations in patients with preoperational carcinoembryonic antigen levels ≥ 2.12 ng/mL, a key prognostic threshold identified in our previous study [15] . The data suggest that although disease-free and overall survival was comparable between patients with or without EGFR mutations, patients with exon 21 mutations had extended overall survival in comparison with patients with exon 19 deletion. Extended disease-free and overall survival was also observed in patients with exon 21 mutations who had carcinoembryonic antigen levels above the threshold, but not for patients with the same mutations who had carcinoembryonic antigen levels below the threshold. Accordingly, exon 19 deletion was an independent predictor of reduced overall survival.
EGFR mutations have been reported to be more frequent in Chinese and other Asian populations than in Western populations. Indeed, we detected EGFR mutations in 38.4% of our cohort, which was in line with previous surveys of stage I lung adenocarcinoma [20] , but slightly lower than the rate in another report [21] . We attribute this difference to the inclusion in our cohort of a number of patients who had tumours of the adenocarcinoma in situ (AIS) subtype (29.7%), in which the frequency of EGFR mutations was reported to be 27.3% or 23.8% [22, 23] . In contrast, EGFR mutations in our cohort were most prevalent in patients with acinar forms (62.5%), and then in patients with lepidic (56.6%), papillary (54.3%), minimally invasive adenocarcinoma (MIA) (34.1%), solid (22.2%), and AIS (20.0%) forms, in line with other studies [23, 24] . In addition, clinical characteristics were comparable between patients with exon 19 and exon 21 mutations, except that lepidic subtypes were more common in the latter than in the former. Conversely, Japanese and Chinese surveys demonstrated that exon 21 mutations were more common than exon 19 mutations in lepidic tumours [11, 25] . On the basis of our previous study, we stratified the patients by serum carcinoembryonic antigen levels [15] . The new data indicate that serum carcinoembryonic antigen levels ≥ 2.12 ng/mL are associated with EGFR mutations, as previously observed in lung cancer [13, 26, 27] . Strikingly, these mutations were more frequent in nonsmokers with serum carcinoembryonic antigen levels ≥ 2.12 ng/mL, even though the prevalence was comparable between smokers and nonsmokers in the entire study population. Notably, we observed that the prevalence was lower at stage 0 than at stages I-III, in contrast to previous surveys [13, 24] . Moreover, we report for the first time that EGFR mutations are less frequent in patients with tumour size pT1a than in patients with tumour size pT1b and pT1c. We note, however, that our cohort included a greater proportion of lung adenocarcinoma at stage 0 and tumour size pT1a than had previous cohorts covering stages II to IV. Hence, further prospective surveys are necessary to confirm this result. Previous surveys of the prognostic value of preoperational serum carcinoembryonic antigen levels have been contradictory, although we note that such surveys use different thresholds [13, 26] . Previously, we determined that levels higher than 2.12 ng/mL were associated with the prognosis of non-small cell lung cancer, and we now report that patients with levels above this threshold had worse disease-free and overall survival than had patients with levels below this threshold. Indeed, carcinoembryonic antigen levels above 2.12 ng/mL were an independent predictor of unfavourable prognosis. Similarly, Yang et al. [25] found that levels above 5 ng/mL were an independent predictor of recurrence-free and overall survival in stage I lung adenocarcinoma. In contrast, in lung adenocarcinoma patients treated with EGFR tyrosine kinase inhibitors and platinum-based doublet chemotherapy, carcinoembryonic antigen levels > 5 ng/mL were associated with unfavourable prognosis in patients without EGFR mutations, but not in patients with EGFR mutations [14, 28] . Strikingly, we found that overall survival, but not disease-free survival, was poorer for patients with exon 21 mutations than for patients with exon 19 mutations. This result contradicts findings in patients with advanced unresectable lung adenocarcinoma who were treated with EGFR tyrosine kinase inhibitors but is consistent with a survey by Nishii et al. [29] . In patients with carcinoembryonic antigen levels ≥ 2.12 ng/mL, overall and disease-free survival was also better in patients with exon 21 mutations than in those with exon 19 mutations. However, this relationship was not observed in patients with serum carcinoembryonic antigen levels below 2.12 ng/mL, presumably because the antigen is antiapoptotic. In addition, activation of downstream molecules by EGFR mutants may promote antiapoptotic activity, or mutated EGFR may elicit abundant expression of the antigen [26, 30] . We also analysed the prognosis of patients excluding those at stage 0; however, the results were similar to those obtained for the overall cohort, which confirms the prognostic role of carcinoembryonic antigen and EGFR.
Ultimately, we found that carcinoembryonic antigen levels ≥ 2.12 ng/mL, IAC subtype, lymphatic metastasis, and advanced pathological stage were predictors of worse progression-free survival. Similarly, exon 19 mutations in EGFR were an independent predictor of reduced overall survival, especially in patients with carcinoembryonic antigen levels above 2.12 ng/mL. The mechanism underlying the association of carcinoembryonic antigen with EGFR mutations remains unclear, and molecular studies are needed to investigate the difference in proliferation and survival between tumours with exon 19 and exon 21 mutations.
Our survey is limited by its retrospective nature, inclusion of several stage 0 patients, small sample size, and patient recruitment in a single institution in Eastern China, which may have resulted in selection bias. Nevertheless, the data imply that in pathological T1 lung adenocarcinoma, EGFR mutations are associated with preoperational serum carcinoembryonic levels ≥ 2.12 ng/mL. The data also imply 
Disclosure
The funders had no role in study design, data collection or analysis, decision to publish, or preparation of the manuscript.
Conflicts of Interest
The authors declare that they have no competing interests.
